Because the selected site is a Superfund site, the procedures required for this project were established by the EPA. The project design process required the development of a detailed work plan followed by a sequential site design of three steps: (1) a 30% design for the field layout and operation;
(2) a 95% design for the field layout and operation, with all equipment, well construction, and operating procedures fully specified; and (3) a final project design based on the review comments from the 95% design submission.
The initial progress of the project was slowed by additional requirements for recharacterization of the site as requested by the EPA. The project was also delayed by the required redesign and approval protocol and by weather and problems with personnel availability. During system shakedown, operational problems with control of the hot-water heater, with the integrity of the injection wells in the shallow, unconsolidated aquifer, and with the treatment system caused by production of dissolved iron from the aquifer all resulted in further delays. With time, all of the problems were corrected, or operational changes were made to minimize the impact of the problems.
During the 231 -day shakedown period, 7.3 x 106gal of fluid were produced from the pattern area and 5.4 x 10c gal of ambient temperature water were reinfected. Of the produced fluid, 1.9 x 106gal were treated by the biological reactor system and disposed to Brodhead Creek. During the subsequent 336 days of hot-water injection, 9.5 x 106 gal of water were injected and 11.6 x 106 gal of fluid were produced, with 2.1 x 10c gal of produced water treated and disposed of. The average pattern injection and extraction rates for the hot-water injection period were 19.6 and 25.5 gpm, respectively. During the operation of the system, 1504 gal of coal tar were produced. (Johnson and Leuschner 1992) . Based on the laboratory performance of the process, the EPA advanced the process to the SITE Demonstration Program.
Further development of the process has included the completion of a pilot test at an active wood treatment facility. The pilot test provided additional information for the design of a field-scale remediation effort in addition to verifying several of the prepilot design specifications and predictions.
Verified by the pilot test were the abilities to: (1) establish and maintain desired injection and extraction rates, (2) heat the test area to the desired temperature, (3) achieve non-aqueous phase liquid (NAPL) removal rates equivalent to laboratory rates, and (4) show that the produced fluid can be treated for reinfection or disposal (Fahy et al. 1992 ).
PURPOSE
The purpose of this project was to demonstrate and evaluate the effectiveness of the CROW process to remediate a site contaminated with dense organic waste. The effectiveness was measured by attaining in the field, treatment levels as stipulated by the EPA that were comparable to the laboratory results obtained during the SITE Program's Emerging Technology Program experiments.
BACKGROUND
The site selected for this demonstration project was the Brodhead Creek Superfund site in The movement of groundwater and coal tar has been in a southeastern direction across the CROW process pattern area.
During the 1980s, PP&L installed a pumping system in the immediate area of the CROW demonstration that resulted in the recovery of 8,000 gallons of pure coal tar (Villaume 1983) .
During a supplemental site investigation in 1993, an attempt was made to quantify the volume of free coal tar remaining within the target area. While a significant amount of tar contamination was encountered, it was not apparent that a free, continuous tar pool existed in this subsurface stratigraphic depression. Due to the heterogeneity of the subsurface sampling results, no adequate tar volume was quantified, although it was estimated at several thousand gallons (RETEC 1996) .
Because of the inability to accurately estimate the initial coal tar-in-place, it was impossible to determine the coal tar percentage recovery, which was needed for comparing the laboratory results with the field results.
The development of the operational parameters for the project were based on the laboratory physical simulations of the process conducted for the EPA SITE Program's Emerging Technology
Program. The EPA established as a treatability goal for the project the removal of contaminants to a level equivalent to that in the laboratory testing. The measure of attaining this goal would be an increase in the cumulative organic recovery of less than 0.5% per pore volume of injected water, Figure 2 , and the raising of the temperature in the treatment area to between 150 and 160°F.
The funding for the project was provided by the U.S. Department of Energy (DOE), the Gas 
METHODOLOGY
The procedures followed for this project were required by the EPA for remediation projects at hazardous waste sites. The CROW process could be used at this site because enhanced rernediation techniques were identified and approved as potential methods in the Record of Decisions for the site. The first task was to develop and submit for approval a detailed work plan. The work plan ident~led all construction and environmental permits and showed that the project design would be completed in a sequence of three steps: (1) prepare and submit for approval a 30% design for the field layout and operation; (2) subsequent to initial approval, prepare and submit a 95% design for the field layout and operation, with all equipment, well construction, and operating routines fully specified; and (3) prepare a find project design based on the review comments from the 95?6 design submission.
Following approval of the project design, all equipment installation and construction of the field facilities would be followed by the actual operation of the field demonstration. Upon completion of the field demonstration, the field facility would be dismantled and the data analyzed. Report of the results would be made to the DOE, PP&L, EPA, and other cosponsors.
RESULTS AND DISCUSSION
The work plan for the field demonstration was submitted to and approved by the EPA Region 3 office. Following approval, the three-step system design and approval sequence was initiated and completed. The Pennsylvania Department of Environmental Protection (PADEP) was also included in the review of the design and operational requirements of the project. Also, all the environmental and construction permits required for the project were identified and obtained.
Initial Svstem
The field facility consisted of the pattern area, a water injection system, a fluid production and separation system, a water treatment system, and a data acquisition and control system (DACS).
The pattern area consisted of two interconnected, inverted five-spot patterns for a total of two extraction wells and six injection wells, as shown in Figure 3 . Three wells, RCC, RCNE, and RCNW, had been pumped by PP&L during the 1980s. Many exploration wells had been drilled in the pattern area in an attempt to define the extent of the contamination. Eight of these exploration wells were initially used as temperature and groundwater level monitoring wells.
The water injection system consisted of the six injection wells and a hot-water heater. The six injection wells were completed by screening and gravel packing the casing through the bottom three-quarters of the water table and then sealing the annulus above the screen with 1 ft of bentonite pellets and finally completing the well to the surface with cement. Injected water was pumped from the recycle-water storage tank through a hot-water heater and distributed by a manifold to individual injection wells. The hot-water heater was a single-pass, 2000-watt electrical unit with four heaterelement bundles.
The production system components consisted of the two extraction wells and the separation and storage tankage. The extraction wells were screened throughout the water table and contained two submersible pumps per well. In each well one pump was placed at the bottom of the well and the other pump was placed 2 to 3 ft below the top of the aquifer. The lower pump was the main extraction pump with the upper pump used to remove any light organics displaced to the well. The pumps were controlled by a series of level controllers and conductivity meters in the wells and the production tanks.
The production tankage consisted of four 20,000-gal and one 10,000-gal tanks. All extracted fluids first entered one or both of the first two 20,000-gal tanks through a spreader. Most of the heavy organics separated in these first two tanks, with the remaining fluid flowing overhead to a third 20,000-gal skimmer tank with a floating skimmer unit. Additional heavy organics settled to the bottom of the skimmer tank, while light organics rose to the top for removal by the skimmer unit. Water was removed from the skimmer tank at a point 6 ft from the bottom and pumped to a 20,000-gal recycle-water storage tank. The heavy organics from the bottom of the first three tanks and the light organics from the top of the skimmer tank were pumped to the 10,000-gal organic storage tank.
Provisions were made for acid or sodium hydroxide injection into the production piping to regulate the fluid pH. This regulating of the produced fluid pH was to assist in the separation of the organics and the regulation of calcium precipitation.
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Water treated for disposal was pumped from the recycle-water storage tank to the granular activated carbon fluidized bed reactor (GAC-FBR). The reactor used a biological process in which the organic-degrading organisms were grown on the granular activated carbon (Gruber 1996) . The design, construction, and operational procedures for the GAC-FBR were provided by EFX Systems
Inc.
The data acquisition and control system was PC-based and operated with LabTech Control software. The system gathered data from flowmeters in all production and injection lines; thermocouples in all wells and production tanks; level sensors in extraction wells and production tanks; and conductivity meters in selected tanks, lines, and in the extraction wells. All data were collected and displayed every 10 seconds and stored every 5 minutes to computer files, which were routinely downloaded via the modem system for analyses and archiving. From the recorded data, the control system determined what control should be exerted on the process. If required, the system would turn a pump, valve, or alarm on or off as specified by the control logic.
M' stem Problems and Modifications
Shortly after initiating cold-water injection during system shakedown, a problem establishing satisfactory injection rates was noted for wells IW3, IW4, and IW5. The problem with IW4 and IW5
was the lack of competent overburden to establish a good seal around the well, which prevented the use of injection pressures necessa~for satisfactory injection rates. The surface in the area of these two wells was approximately 3 ft above the water table and was the same boulder/cobble/gravel material as the aquifer. In an attempt to correct this problem both wells were redeveloped to remove any debris from inside the screens, then a thermal packer was installed to restrict injection into the bottom 10 ft of the well. The redevelopment consisted of surging large volumes of water within the casing and screen to free any residual drill cuttings or other material that would restrict flow through the screens. This effort provided little, if any, improvement in the injection rates. Injection rates greater than 1 to 2 gpm were never achieved for these wells.
The problem with the injection into IW3 was caused by the proximity of the well to the levee wall. It appeared that the well was completed in the fringe area of the bentonite core of the levee.
This bentonite-contarninated material restricted communication with the other pattern wells.
Redevelopment to clean out residual debris did not improve the well performance. For all practical purposes, this well was nonfunctional as a pattern well. Because of the above described injection well completion problems, almost all water injection was limited to wells IW 1, IW2, and IW6.
A further problem was the continual decrease in the injection rates for wells IWl, IW2, and IW6. Analysis of the reddish-white slime that was clogging the well screens and strainers and fouling the turbine flowmeters in the injection system indicated a high iron content in the produced fluids, caused primarily by the iron in the aquifer. To minimize the problem, the water production and treatment system was modified to remove the iron, and the injection system and wells were cleaned.
The fmt two production tanks were repiped so that all production went first to tank 1 then tiom the top of tank 1 to the lower third of tank 2. Chemical injection systems were added to allow for pH adjustment of the produced fluids. The pH of the produced fluid was reduced to 5 prior to being pumped to tank 1. The pH was reduced with 93% sulfuric acid to improve separation of the organics from the produced fluid in tank 1. The water overflowed from tank 1 to tank 2, where the pH was increased to the 7 to 8 range with 35% sodium hydroxide prior to adding 50% hydrogen peroxide and a flocculent (polyacrylic acid) to precipitate the dissolved iron. The pH of the produced water recycled to the injection wells from tank 5 was then lowered to approximately 6 to prevent precipitation of iron in the heater and the wells when the water was heated. To further assist in the removal of any precipitate that passed the tank system, filters were installed before and after the hotwater heater. A sand filter and a bag filter were also installed prior to the carbon adsorption units. Figure 4 is the final as-built process flow diagram (Moeller et al. 1996) .
The injection piping and wells required cleaning because of the iron precipitation problem.
Cleaning consisted of flushing all piping to remove the sediments and the redevelopment of the wells to remove any deposition. To assist in keeping the wellbores clean, a jettering system was installed in all of the injection wells. The jettering system consisted of an air jet installed on a lance that penetrated to a location near the bottom of each injection well. Compressed air was then used to create a surging effect in the wellbore to clean the screen and to remove the displaced precipitates.
When the system was operating, acid and/or chlorine could be added to assist in the cleanup. The modification of the treatment system and the well redevelopment helped the injection problem but did not totally eliminate it. As with IW4 and IW5, the lack of competent overburden ultimately restricted injection into wells IW 1, IW2, and IW6. These combined problems limited the injection rates into these wells to about half of the desired rate of 17 gpm per well.
Establishing and maintaining the desired injection rate caused problems with the hot-water heater and the extraction wells. The hot-water heater was designed to heat 75 to 100 gpm of water from 50 to 200°F using an ordoff control technique. Since the maximum injection rate was approximately 30 gpm, the control of the water temperature by the heater was impossible to modulate. To combat this problew three of the four heater bundles in the heater were disconnected, and the fourth bundle was connected to a proportional controller. The heater operated more efficiently after this change. The extraction well problem stemmed from the sizing of the two extraction pumps at 60 gpm to supply 110 to 120 gpm of total recovery. Since the maximum injection rate was approximately one-third the planned rate, the extraction rate had to be reduced by one-third. This low extraction rate caused heat buildup in the pump, which accelerated wear on the pump motors and impellers.
Repair and replacement of the downhole pumps became more frequent as the project progressed.
Other operational problems occurred with the biological treatment unit. Tuning the biological treatment unit took several months, and the carryover of some granular carbon and biological material from the fluid bed caused plugging of the pumps and carbon-adsorption drums in the discharge system. To prevent the plugging, strainers and micron-sized filters were installed before and after the fluidized bed. Organic fouling of the level indicators and particulate fouling of turbine flowmeters resulted in an extraordinary amount of cleaning, repair, and replacement of the instruments.
Also, software problems occurred with the DACS computer. Several attempts to reconfigure the system the removal of unnecessary software, and routine rebooting of the system did not remedy the problem. The problem was finally corrected by installing Windows 95.0 and new versions of LabTech Control and Carbon Copy software. After installation of these new software packages, problems with the control system were essentially eliminated.
Other moditlcations to the operational system included removing the upper pumps from the extraction wells and installing these pumps in wells RCC and RCNE. This change was made because no noticeable floating organics were found in the extraction wells and there appeared to be small pools of organic material around RCC and RCNE. By pumping these two wells occasionally, the organic material that migrated to these monitor wells was removed. Also, the repiping of monitor wells for injection purposes was done in the area around IW4 and IW5 to increase the hot-water flow in that area.
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Finally, while desired aquifer temperatures were typically achieved areally within a few days of initiating hot-water injection, it was difficult to heat the entire aquifer vertically. Consequently, the aquifer was usually hotter at the top than at the bottom. In an attempt to heat the entire aquifer, additional monitor wells spaced throughout the pattern were completed for injection. The final injection piping system is shown in Figure 5 . 
CHRONOLOGY OF EVENTS
The following is a chronology of events associated with the remedial action at the Brodhead Creek Site:
Da@

Event
March 1991
The EPA regional administrator signed the record of decision,
September 1992
The Consent Degree was entered in the U.S. District Court for the Eastern District of Pennsylvania.
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RESULTS
Construction of the field facilities began in mid 1994 and was completed in the fall of 1994.
Slmkedown of the system using ambient temperature water began in November 1994 and continued through June 1995. Problems associated with the operation of the system were addressed during this shakedown period. Beginning in July 1995, hot-water injection was established and was near] y continuous until shutdown in June 1996.
During the 23 l-day shakedown period, 7.3x 106 gal of fluid were produced from the pattern area and 5.4 x 10b gal of ambient temperature water were reinfected. Of the produced fluid, 1.9 x 106 gal were treated by the biological reactor system and disposed to Brodhead Creek (Table 1) . During the hot-water injection phase, 9.5 x 106 gal of water at an average heater outlet temperature of 147°F were injected. During the subsequent 336 days of hot-water injection, 11.6
x 10c gal of fluid were produced, with 2.1 x 10c gal treated and disposed of. The average pattern injection and extraction rates for the hot-water injection period were 19.6 and 25.5 gpm, respectively, as shown in Figure 6 . -.
-r ----
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Figure 6. System Flow Rates for the Hot-Water Injection Period
Most of the extracted fluid was produced from PW2. During the operation, 60,600 additional gallons of fluid were also produced intermittently from RCC and RCNE. Operational conditions during the hot-water injection period are summarized in Table 2 .
The excess water that was treated and disposed of was the result of deliberate overpumping of the extraction wells. A groundwater extraction rate exceeding the total water injection by approximately 4 gpm was maintained, which created a cone of depression around the pattern area and maximized containment of the injected water.
Steady-state areal temperatures were achieved in the aquifer after about two weeks of constant hot-water injection and extraction, as shown in Figure 7 . Aquifer temperatures in the active extraction well, PW2, stabilized to approximately 130 'F after about 50 days of continuous injection, as shown in Figure 8 . Unfortunately, it was difficult to heat the bottom of the aquifer until some of the monitor wells were converted into injection wells, Figure 5 . The additional injection improved the overall aquifer heating, and more uniform vertical heating profiles were achieved for a short period prior to the system shutdown. 'However, no additional coal tar was recovered by the modified injeetion scheme. The final aquifer temperatures in the immediate area of the extraction wells were in the range of 140 to 150"F. The unconfined nature of the CROW process pattern made it difficult to precisely determine the affected pore volume. A pore volume was estimated as the area in Figure 7 that was heated to 150°F, having a thickness of 20 feet and a porosity of 35%. A value of 455,000 gallons was subsequently assigned as the affected pore volume. The total hot-water injected and extracted pore volumes were therefore measured at 20.8 and 25.5, respectively.
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During the operation of the system, 1504 gal of coal tar were produced, including approximately 80 gallons of coal tar removed by the GAC-FBR and the bag filters (Gerrish 1996) .
Most of the coal tar was produced during the hot-water injection phase; Figure 10 is a plot of organic production versus hot water injected. After injecting 15 pore volumes of hot water, the increase in the cumulative organic recovery was less than the goal of 0.570 per pore volume of injected water, indicating that essentially all producible organics were recovered. While the actual percentage of coal tar-in-place recovered could not be quantified, the recovery is believed to be similar to the laboratory recovery.
-..
-.. 
CONCLUSIONS
The progress of the project was initially slowed because of problems encountered in the recharacterization of the site, as requested by the EPA, and the length of time required and complexity of the EPA design and approval protocol. Weather and personnel availability caused fiuther delays. The unconsolidated nature and shallowness of the aquifer caused problems in obtaining the desired injection rates, resulting in a longer period of operation to attain the desired system throughput.
The EPA remediation criteria for recovery of the organic contaminant were effectively met by the CROW process. Sufficient pore volumes were injected and extracted to ensure that no additional coal tar could have been recovered with the CROW process.
While the actual percentage of coal tar-in-place recovered could not be quantified, the recovery is believed to be similar to the laboratory recovery.
The temperature criterion was not met, as the pattern area was only heated to the 140 to 150°F range. However, it is unlikely that additional coal tar would have been recovered if higher temperatures had been achieved.
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Containment of the injected hot water was achieved throughout the operation of the process.
